INTRODUCTION {#Sec1}
============

Pharmacogenomics (PGx) examines how variations in an individual's DNA sequence affect drug metabolism and response, including occurrence of adverse drug events and impact on treatment effectiveness.^[@CR1],[@CR2]^ It differs from traditional diagnostic genetic/genomic testing, which looks at the associations between changes in a person's DNA sequence and diseases.^[@CR3]^ Thus, PGx may facilitate a personalized approach to disease management by identifying the safest and most effective treatment options for an individual. Cardiovascular disease (CVD) treatment is at the forefront of PGx-guided therapy. Being the leading cause of death worldwide, CVD contributes significantly to the increasing health economic burden. In 2016, CVD accounted for 31% of all deaths globally (17.9 million people).^[@CR4]^ Approximately \$555 billion in CVD-related direct and indirect health-care costs were incurred in the United States in 2016. These costs are projected to increase to \$1.1 trillion by the year 2035.^[@CR5]^ A number of drug classes exist to reduce CVD risk, but there is significant variation in treatment response.^[@CR6]^ In addition to the variation that can be attributed to various sociodemographic characteristics, genetic determinants of drug response have been identified, which can affect the way drugs are metabolized, absorbed, and distributed.^[@CR1],[@CR6]--[@CR8]^ Therefore, genetic information can be used to inform risk factor identification, drug dose responses, side effects management, and outcome prediction.^[@CR9]--[@CR11]^

PGx-guided drug prescribing holds enormous potential for individualizing CVD management and reducing the risks of drug-related adverse events. Research has shown that it is often a combination of gene variants that accounts for variations in disease progression and treatment response. The Right Drug, Right Dose, Right Time-Using Genomic Data to Individualize Treatment (RIGHT) study examined five PGx genes (*SLCO1B1*, *CYP2C19*, *CYP2C9*, *VKORC1*, and *CYP2D6*), four of which had CVD implications; the study showed that approximately 58% of subjects carried clinically actionable genetic variants (i.e., presence of gene variants that warrant a dose or drug change) for three or more of the five genes studied.^[@CR12]^ Furthermore, an additional 31% of patients had two actionable genetic variants, and 10% of patients had only one. A safety net health-care system in Indiana further demonstrated the impact that PGx implementation would have by examining prescriptions for 30 targeted medications with known PGx interactions. Approximately 20% of these patients were being treated with two or more of the targeted medications. Three CVD medications (clopidogrel, warfarin, and simvastatin) were included in this study and accounted for 22% of the prescriptions identified.^[@CR13]^ Recognizing the importance of PGx-guided treatment, the US Food and Drug Administration (FDA) has recently provided guidance on the inclusion of appropriate PGx information in drug labels of over 362 drugs.^[@CR14]--[@CR16]^

Despite the literature supporting the usefulness of PGx-guided therapy, evidence of its effectiveness in CVD treatments is equivocal. While some studies show PGx-guided treatment to be effective compared with standard-of-care treatments,^[@CR17],[@CR18]^ others did not find it to be effective in clinical practice.^[@CR19]--[@CR22]^ For example, a randomized trial by the European Pharmacogenetics of Anticoagulant Therapy (EU-PACT) found a significant association between PGx-guided warfarin dosing and the reduction in the time it took patients to reach the therapeutic range for their international normalized ratio (INR).^[@CR23]^ Stergiopoulos and Brown, however, conducted a meta-analysis that showed PGx-guided warfarin dosing strategies to be ineffective at increasing the percentage of time in the therapeutic range for INR.^[@CR19]^ Such heterogeneity in empirical evidence has caused controversy around this topic regarding the use of different study strategies (e.g., time to therapeutic range, or percentage of time in the therapeutic range), target populations (e.g., races, gender, age), and drug selection (warfarin versus its analogues), as well as other practice-related factors (practice variations), including the type and timing of PGx testing (e.g., pre-emptive testing versus reactive genotyping).^[@CR15],[@CR24],[@CR25]^

Considering the clinical and economic burden of CVD, there is a multitude of empirical evidence examining the implications of PGx-guided treatment in CVD care.^[@CR26]--[@CR28]^ This growth in clinical implementation, coupled with potential heterogeneity of empirical evidence, necessitates efforts to clearly summarize the findings and recommendations regarding PGx-guided treatment for CVD. Synthesizing and evaluating the evidence regarding the cost-effectiveness of PGx is particularly important given the enormous potential PGx holds in reducing adverse drug reactions, improving patient outcomes, and reducing potentially avoidable costs in disease management. In this study, we performed a comprehensive systematic literature review of economic evaluations examining the implementation of PGx in CVD care. The objective of this study is to review and update the current knowledge and gaps with regard to the cost-effectiveness of PGx in CVD, and provide information for the considerations of implementing PGx-guided therapy into clinical practice.

MATERIALS AND METHODS {#Sec2}
=====================

Search strategy {#Sec3}
---------------

We conducted a comprehensive literature search in several databases from each database's inception to 8 August 2018. The databases included Ovid MEDLINE and Epub Ahead of Print, In-Process & Other Non-Indexed Citations, and Daily; Embase; Cochrane Central Register of Controlled Trials; Cochrane Database of Systematic Reviews; NHS Economic Evaluation Database 1st Quarter 2016; and Scopus. An experienced librarian (L.J.P.) designed and carried out the search strategy with input from the study's principal investigators (Y.Z., K.M.S., and B.J.B.). The search strategy is included in Appendix [1](#MOESM1){ref-type="media"}.

Study selection {#Sec4}
---------------

We developed a predetermined list of exclusions (Fig. [1](#Fig1){ref-type="fig"}) including (1) non-English study, (2) full-text not available, (3) article type (e.g., conference paper/abstract, commentary, book chapter, etc.), (4) genetic testing was not used to identify actionable gene--drug relationships or to guide choice of pharmacologic treatment, (5) no economic evaluation was presented in the study results, (6) CVD was not the main focus of the study (this exclusion criterion also encompasses studies that reported cardiovascular complications as secondary to treatment of other disease systems), and (7) the study intervention was not applied to human subjects. Additionally, duplicated studies were excluded from the final selection.Fig. 1**Flowchart of the literature screening.** \*Exclusion criteria: 1) non-english study. 2) full text not available. 3) article types: conference paper/abstract, comment, review, short survey, editorial, note, letter, legal case, congress, newspaper articles, book chapter, guideline, erratum, study protocols. 4) not relevant to pharmacogenomics, e.g. genetic diagnostic testing, 5) no economic evaluation, 6) not cardiovascular diseases, 7) intervention not applied to human subjects.

Selection of articles involved a two-step screening process. In the first step, two independent reviewers (Y.Z. and K.M.S.) screened the title and abstract of each article identified through the search strategy for relevancy to the area of PGx and CVD, with disagreements resolved by a third independent reviewer (B.J.B.). In the second step, the research team retrieved the full texts for the studies remaining, and two independent reviewers (Y.Z. and K.M.S.) assessed the studies for inclusion using the preidentified exclusion criteria. The lead reviewers (Y.Z. and K.M.S.), along with a third independent reviewer (B.J.B.), resolved disagreements in the selection of articles after full-text screening through discussion and consensus.

Data extraction {#Sec5}
---------------

Data extraction focused on four domains of information: (1) study design (type of economic evaluation, study perspective, time horizon, etc.), (2) study population (target population, disease or condition, and setting), (3) target treatments (genetic biomarker, drug therapies, and treatment arms), and (4) outcomes (costs and effectiveness of the drugs/treatments, incremental cost-effectiveness ratios, and recommendations). Study perspective refers to the perspective of the potential decision maker that will eventually use the study results, and therefore costs, effectiveness, and other parameter information included in the study will need to be measured from that specific perspective. For example, societal perspective will require consideration of all parties that will be impacted by the intervention in consideration, and therefore all outcomes and costs, including both direct and indirect costs, will be assessed from that perspective.^[@CR29]^ Similarly, a health sector perspective (e.g., payer) will incorporate a narrower view and include only outcomes and costs pertinent to that specific health sector.^[@CR29]^ We also collected additional information related to the publication (authors, title, year, and funding declaration) to assess study quality. Two reviewers were assigned to extract data independently from each of the articles that passed the selection criteria (Y.Z., K.M.S., R.L.R., and B.J.B.), and consensus was used to resolve any disagreement.

Quality of reporting assessment {#Sec6}
-------------------------------

We assessed the quality of the studies included in the review using Quality of Health Economic Studies (QHES) scores, a weighted grading system that measures the quality of studies based on whether the study reports important design and results elements.^[@CR30]^ We evaluated each study against 16 domains, including reporting of study characteristics (e.g., funding resources, patient subgroups), study design (e.g., variable estimation, perspective), as well as results and conclusions (e.g., bias assessment, limitations, and recommendations). The QHES score can vary from 0 to 100, with 100 indicating a perfect score.

Presentation of results {#Sec7}
-----------------------

Due to the heterogeneity present in the study designs across the sample, we synthesized the results using a narrative method. Results include a description of the study selection process, summary statistics illustrating the characteristics of the included studies (e.g., year, country/region, condition studied, etc.), an overview of the various study strategies employed, and a summary of the cost-effectiveness results and final conclusions regarding implementation of PGx testing.

RESULTS {#Sec8}
=======

Study selection {#Sec9}
---------------

The search strategy identified a total of 909 studies, and we identified an additional 16 studies in the title and abstract screening process (Fig. [1](#Fig1){ref-type="fig"}). We excluded 769 studies during the first step of screening, resulting in 156 studies included for full-text review. After applying exclusion criteria in the second step of the selection process, we identified 46 studies for data extraction.

Summary of the study characteristics {#Sec10}
------------------------------------

Over half (*n* = 26, 56%) of the studies were published between 2014 and 2018, with only a handful (*n* = 5, 11%) of studies appearing prior to 2009. US patients were the most commonly targeted population (*n* = 21, 46%), but there was global representation in our sample, including studies from the Netherlands, Canada, the United Kingdom, and China (Table [1](#Tab1){ref-type="table"}). The most common CVD conditions studied were atrial fibrillation (AF) and acute coronary syndrome (ACS), accounting for 30% (*n* = 14) and 28% (*n* = 13) of the studies, respectively. The remaining studies covered a variety of general CVDs (e.g., arterial sclerosis, hypertension, chronic heart disease), more narrow CVD subgroups (e.g., ST-elevated myocardial infarction), or multiple CVD combinations (e.g., stroke and acute myocardial infarction). A small subset of studies (*n* = 2, 4.3%) focused on procedures, limiting analysis to patients undergoing certain surgical interventions (mechanical heart valve replacement and percutaneous coronary intervention). Six studies (13%) were found to have no statement regarding any specific diagnosis or indication.Table 1Summary of study characteristics and strategies (*N* = 46)Study characteristics*n* (%) Year    2004--20085 (11%)    2009--201315 (33%)    2014--201826 (56%) Country^a^    United States21 (46%)    Netherlands6 (13%)    Canada4 (9%)    Australia2 (4%)    Other countries/regions^b^10 (22%)    No statement3 (7%) Disease diagnosis or indication    Acute coronary syndrome (ACS)13 (28%)    Atrial fibrillation (AF)14 (30%)    Other diseases/patient subgroups^c^13 (28%)    No statement6 (13%) Drug category (associated genes)    P2Y12 inhibitors (*CYP2C19*)16 (35%)    Antithrombotic (*CYP2C9*, *VKORC1*)20 (43%)    ACEIs (*MME*, *XPNPEP2*)2 (4%)    Statin (and ezetimibe) (*KIF6*, *Taq1B*)4 (9%)    Drug panels2 (4%)    Others^d^2 (4%) Testing timing    After treatment plan made42 (91%)    After treatment started2 (4%)    Pre-emptive1 (2%)    No statement1 (2%) Funding support    Public17 (37%)    Nonprofit organization (NPO)2 (4%)    Private5 (11%)    Combinations^e^7 (15%)    None7 (15%)    No statement8 (17%)**Study strategies*n*** **(%)** Cohort type    Hypothetical41 (89%)    Observational1 (2%)    Randomized controlled trial4 (9%) Perspective    Payer^f^18 (39%)    Health-care provider8 (17%)    Societal4 (9%)    Health-care system10 (22%)    No statement6 (13%) Time horizon    Lifetime17 (37%)    ≥20 years8 (17%)    3--10 years2 (4.3%)    ≤3 years13 (28%)    Others^g^2 (4%)    No statement4 (9%) Type of analysis    Cost--utility analysis43 (93%)    Cost--benefit analysis1 (2%)    Others^h^2 (4%) Patient age range    ≥60 years old22 (48%)    \<60 years old5 (11%)    Not specified19 (41%)This table included all the studies while some categories did not add up to 100% due to rounding.*ACEIs* angiotensin-converting enzyme inhibitors.^a^The country of the study target population.^b^Other countries/regions including Serbia, China, Croatia, Europe, Korea, New Zealand, Slovenia, Thailand, UK, UK and Sweden, United States and Canada. Each had one study reported.^c^Other diseases or subgroups defined in the studies including arterial sclerosis cardiovascular disease, acute ischemic stroke, chronic heart disease, chronic heart failure, cardiovascular disease (general), coronary artery disease, stable coronary artery disease, hypertension, ST-elevated myocardial infarction, stroke, and acute myocardial infarction. Two studies limited analysis to those undergoing specific procedures (mechanical heart valve replacement and percutaneous coronary intervention (PCI)).^d^Other drug categories: ivabradine and diuretics.^e^Combinations of funding support including public and NPO, private and NPO, public and private.^f^Payer perspective including both public payer and private payer.^g^Study follow-up time was designed from a certain starting date to finishing date, and varied for each individual.^h^Other types including descriptive summary and simulation estimation of costs.

The two drug categories most studied were P2Y12 inhibitors (e.g., clopidogrel) and antithrombotic therapy (e.g., warfarin), accounting for 35% (*n* = 16) and 43% (*n* = 20) of the studies respectively. A handful of studies investigated angiotensin-converting enzyme inhibitors (ACEIs) (*n* = 2, 4.3%) and statins (*n* = 4, 8.7%) (Table [1](#Tab1){ref-type="table"}). Only two studies (4.3%) examined a panel of genetic testing, which was used to guide treatment for patients identified as having high risk. Virtually all studies (*n* = 44, 96%) focused on PGx implementation after treatment plans were made or started (i.e., reactive genotyping), rather than a pre-emptive approach. Source of funding was reported for 31 of the 46 studies (67%), which varied between public, private, nonprofit organizations (NPOs), and combinations thereof. Seven (15%) studies reported that no funding support was used, while the remaining articles (*n* = 8, 17%) did not report any information regarding funding resources.

Summary of study strategies {#Sec11}
---------------------------

Most studies (*n* = 41, 89%) used hypothetical cohorts, with model parameter estimates being derived from previously published randomized controlled trials and other literature. The remaining studies were economic modeling studies using patient populations and model parameters from randomized controlled trials (RCTs) or observational studies. Eighteen (39%) studies were conducted from a payer's or health insurance provider's perspective (private and public payers). The rest of the studies varied across the health-care system, health-care provider, and societal perspectives, with six (13%) studies failing to specify the perspective used (Table [1](#Tab1){ref-type="table"}). The time horizons used in the included cost-effectiveness studies were considerably diverse: about 37% (*n* = 17) used lifetime models, 17% (*n* = 8) used a 20-year or longer horizon, while 28% (*n* = 13) used a 3-year or shorter time frame. Four (8.7%) studies did not report a time horizon. Effectiveness was most commonly measured using quality-adjusted life-years (QALYs) (*n* = 34, 74% of studies).

The cost categories included in the economic model varied across studies. Most included the cost of PGx testing (*n* = 44, 96%); one-time event costs, such as stroke or bleeding events (*n* = 43, 93%); and medication costs (*n* = 37, 80%) (Fig. [2](#Fig2){ref-type="fig"}). Over half (*n* = 26, 57%) of the studies included postevent or follow-up costs, and 30% (*n* = 14) incorporated costs for other types of testing (e.g., platelet function testing). Several (*n* = 11, 24%) studies used cost estimates for management of patients without events. Only two studies (4.3%) incorporated indirect costs (e.g., transportation, food), and one (2.2%) study used all-cause costs.Fig. 2**Cost categories included in the study.** Costs included in the studies were categorized into these major types: pharmacogenomics (PGx) testing, other types of testing (e.g., international normalized ratio \[INR\] monitoring, platelet function tests), medications (e.g., warfarin, clopidogrel), event-related costs (e.g., bleeding, stroke), postevent-related costs (long-term management costs), no-events costs (medical care costs for patients without adverse events), all-cause costs (any costs occurred after the treatment was initiated), and indirect costs (e.g., transportation, food). Several studies did not report the cost categories used in the calculation.

All 46 studies used one-way deterministic sensitivity analyses to account for uncertainties in the model parameter estimates, and 33 studies additionally used probabilistic sensitivity analyses to explore different willingness-to-pay thresholds.

Comparative-effectiveness results {#Sec12}
---------------------------------

Thirty-one studies (67%) found PGx testing to be a cost-effective method in the treatment of CVD. Nine (20%) conversely reported PGx testing as unlikely to be cost-effective compared with standard care, and the remaining six (13%) studies did not state any definitive conclusion. For those studies with no definitive conclusions, the author(s) reported conflicting results across treatment arms or from sensitivity analyses, indicating that cost-effectiveness was dependent upon parameter specification in the model. For studies that showed PGx testing to be cost-effective against the standard of care or referent therapy (*n* = 31), 81% (*n* = 25) found that PGx-guided approaches were the most cost-effective option of all treatment arms examined. The other six studies focused on warfarin and clopidogrel and found alternative therapies that outperformed PGx-guided treatments (i.e., universal ticagrelor and dabigatran) (Supplemental Table [S2](#MOESM1){ref-type="media"}).

We examined the cost-effectiveness conclusions by specific drug treatments and study perspectives (Table [2](#Tab2){ref-type="table"}). PGx-guided treatment for the drugs clopidogrel and warfarin were most frequently studied, each accounting for 16 (35%) of the 46 studies included in this review. PGx-guided clopidogrel treatment was cost-effective in the majority of these 16 studies (*n* = 13, 81%) and across all perspectives. The evidence for PGx-guided warfarin treatment was not as strong, with almost half of the studies (*n* = 7, 44%) concluding no cost-effectiveness or mixed evidence, particularly from the societal perspective. All studies examining PGx-guided statin therapy (*n* = 4) supported its cost-effectiveness from the health-care system and payer perspectives; however, our review did not find any studies that assessed the cost-effectiveness of PGx-guided statin therapy from the provider and societal perspectives. Results for the remaining treatments were limited and unclear. Only two studies examined panels of genetic testing: one of which found that PGx testing using a cardiovascular risk panel was not cost-effective; the other investigated a collection of eight gene--drug associations and was unable to make any definitive statement regarding the value of PGx testing.Table 2Evidence map of study conclusions regarding the cost-effectiveness of PGx-guided testing![](41436_2019_667_Figa_HTML.gif){#d29e1289}*ACEl* angiotensin-converting enzyme inhibitor, *NOAC* novel oral anticoagulant, *PGx* pharmacogenomics.^a^The size of the pie chart reflects the number of studies captured, and the shaded area reflects the proportion of studies that reported PGx-guided treatments to be cost-effective. Cells that are empty suggest that no evidence was found for the drug from the corresponding perspective.^b^Coumarin derivatives, including phenprocoumon and acenocoumarol.^c^Includes direct factor Xa inhibitors (apixaban, rivaroxaban, darexaban, edoxaban), direct thrombin inhibitors (dabigatran).

We further summarized results for disease diagnosis or condition being studied most (ACS and AF, Supplemental Table [S1](#MOESM1){ref-type="media"}). Of the 13 ACS studies, 10 (77%) reported PGx-guided therapy to be cost-effective. Seven (54%) of these studies found PGx testing to be the dominant strategy (higher QALY while lower costs) when compared with no PGx testing. For the nondominant results, the incremental cost-effectiveness ratios (ICERs) ranged widely from US\$196 to near US\$70,000 per QALY gained. Evidence among studies focusing on AF was only slightly less certain. Nine (64%) of the 14 studies showed PGx to be cost-effective, with two identifying PGx testing as dominant. In the remaining studies, the ICERs ranged from less than US\$3000 to US\$13,810.

Variation in results across study characteristics {#Sec13}
-------------------------------------------------

To investigate potential factors influencing the study conclusions, we summarized cost-effectiveness across model perspectives, funding mechanisms, and countries (Fig. [3a--c](#Fig3){ref-type="fig"}). The results showed variation across model perspectives. Studies conducted from the health-care provider, health-care payer, and health-care system perspectives had a high proportion of studies concluding PGx as a cost-effective strategy (*n* = 7/8, 88%; *n* = 14/18, 78%; and *n* = 7/10, 70% respectively), while only one study (25.0%) from the societal perspective concluded cost-effectiveness. Cost-effectiveness was concluded in one-third (*n* = 2/6) of studies without a perspective identified. There was less variability across funding mechanism. Studies funded by public and private funding sources, as well as those with combinations of funding or no specific statement regarding funding, had similar proportions of cost-effective studies (*n* = 12/17, 71%; *n* = 4/5, 80%; *n* = 4/7, 57% and *n* = 5/8, 63% respectively). Approximately 86% (*n* = 6/7) of studies without funding support found PGx to be cost-effective. Neither of the two studies funded by NPOs was able to find PGx testing to be a cost-effective approach. Evidence of cost-effectiveness of PGx testing was found across all countries of origin of the studies, although the strength of evidence varied. PGx testing was found to be cost-effective in approximately 62% (13/21) of US studies. Almost 20% (4/21) of the US studies reported conflicting or mixed findings and could not definitively state a recommendation. Both studies (*n* = 2) from Australia were able to conclude that PGx is cost-effective. Three-quarters of Canadian studies (*n* = 3 of 4) and half of studies from the Netherlands (3/6) also found supportive evidence for PGx-guided treatment. Evidence from the remaining other countries of origin had a high proportion of cost-effective studies (*n* = 9 of 10, 90%).Fig. 3**Comparison of cost-effectiveness with selected study characteristics.** **a** Perspectives held in the studies, including payer (both public and private), provider, societal, and health-care system. Studies that did not report the perspectives used were categorized as no statement. **b** Funding support types. Combination types included private + public, public + nonprofit organization (NPO), and private + NPO. **c** Country/regions of the study population. Other countries/regions included Serbia, China, Croatia, Europe, Korea, New Zealand, Slovenia, Thailand, UK, UK and Sweden, United States and Canada. *PGx* pharmacogenomics.

Quality of reporting {#Sec14}
--------------------

Quality scores assessed using the QHES framework ranged from 53 to 100. Twenty-four studies (52%) achieved a perfect quality reporting score of 100, with an additional 14 (30%) studies having scores between 91 and 97. All 46 studies clearly stated their objective (QHES criteria 1) and primary outcomes of interest (QHES criteria 10). Subgroup analyses were not commonly performed in this group of literature, making QHES criteria 4 not applicable in most cases. Quality scores were not docked points in this situation. Other highly reported QHES elements included health outcomes (criteria 11), recommendations (criteria 15), and data abstraction (criteria 7). Variability was found in the level of reporting for a handful of QHES elements. Design elements critical in conducting economic evaluations (e.g., time horizon, discounting, parameter uncertainty, etc.) were underreported. Furthermore, nine studies (20%) failed to report whether any source of funding was used to support the project and what sources of bias may be present in the study, as well as the magnitude and direction of that bias. Additionally, seven studies (15%) did not report the study perspective from which the economic evaluation was conducted, and cost inputs were often not described clearly. A description of each QHES criterion and the number of articles missing each element is reported in Supplemental Table [S2](#MOESM1){ref-type="media"}.

DISCUSSION {#Sec15}
==========

Our study results suggest that the evidence on the cost-effectiveness of implementing PGx testing in the treatment of CVD is mixed, though generally supportive for select gene--drug relationships (e.g., warfarin--*CYP2C19/VKORC1* and clopidogrel--*CYP2C19*). Much of the available empirical evidence has been published in just the past decade, demonstrating the infancy of this field. The majority of studies targeted US patients with ACS or AF, demonstrating supportive evidence for ACS (clopidogrel--*CYP2C19*) and limited information for AF (warfarin--*CYP2C19/VKORC1*). Additionally, the economic value of genetic panel and pre-emptive testing is rarely examined. Cost categories included in the economic models varied across studies, which may have influenced the cost-effectiveness results reported. Sensitivity analyses conducted in these studies suggested significant uncertainties regarding the cost-effectiveness of PGx-based CVD care. Thus, our study shows that the cost-effectiveness of PGx-guided CVD care has not been unequivocally established.

The findings of our study align closely with previously published reviews in the PGx space. Berm et al. showed that most economic evaluations of PGx-guided treatment indicate favorable cost-effectiveness, with an average QHES score of 76; however, this study was not CVD focused.^[@CR31]^ Verschuren et al. demonstrated varying strength of evidence across different CVD drug classes and, similarly, found the strongest evidence among antiplatelet and anticoagulant therapies.^[@CR32]^ However, this study did not specifically examine economic value, but rather focused on associations between gene variants and risk of adverse drug events or ineffectiveness.

Other studies also reported the lack of a standard approach in study design across economic evaluations for PGx testing, including frequent underreporting of important components (e.g., bias, funding sources, etc.), high variability in cost inputs, substantial variation in study strategies across the existing evidence, and limited representation of the societal perspective, which is an approach recommended by the second panel on cost-effectiveness in health and medicine.^[@CR29],[@CR33]--[@CR35]^ We also found that cost categories used across study perspectives were diverse, which may have contributed to the varying study conclusions. As illustrated in Fig. [2](#Fig2){ref-type="fig"}, costs for PGx testing, as well as costs for disease-related adverse outcome events, were included in almost all studies across perspectives. However, fewer than 30% of the studies from the provider's and payer's perspectives adopted costs for other types of medical exams. Medication costs were well represented from the payer, societal, and health-care system perspectives, but not as consistently included among studies conducted from the provider's perspective. A small number of studies included costs for chronic disease management with no events, which is a very significant part of health-care costs. As expected, no studies conducted from the payer, provider, or health-care system perspectives accounted for indirect costs (e.g., transportation, food). However, unlike we expected, fewer than one-third of the studies using societal perspective included indirect costs, potentially resulting in underestimation of cost impacts in those studies. Thus, future studies should account for these data gaps as well as adhere to standard approaches for conducting economic evaluations, which will strengthen the evidence base on cost-effectiveness of PGx-guided therapy in CVD, and also foster meaningful comparisons between different studies. Furthermore, as PGx-guided drugs become more widely used in practice, studies based on real-world databases such as large health-care claims or registry databases should provide long-term outcomes, both on cost and effectiveness measures, which will help provide robust evidence on long-term cost-effectiveness of PGx-guided CVD therapy.

We have shown that notable gaps persist in the evaluation of PGx-guided treatment. Panel testing (i.e., testing for multiple actionable gene--drug relationships) is gaining more attention in research, and is being adopted into clinical practice, as very few patients carry only a single genetic variation. Thus, panel testing is an important method for identifying risk factors and predicting drug responses.^[@CR12],[@CR36],[@CR37]^ This move toward panel testing also implies a need for pre-emptive genetic testing (i.e., having the genetic information available at the point of care versus reactively genotyping). This is an important area to consider because pre-emptive testing results have been shown to be highly utilized for prescribing and associated with PGx-indicated medication changes.^[@CR38]^ Furthermore, pre-emptive testing has potential to improve patient satisfaction and generate significant reductions in the utilization of reactive genetic testing.^[@CR39],[@CR40]^ Despite the benefits of pre-emptive and panel testing, reactive genotyping strategies are dominant in clinical practice and the economic evaluations of panel and pre-emptive PGx testing are underrepresented in the empirical literature. This may be due to the risk that, for many individuals, genetic variations may have limited clinical impact due to the possibility of never developing the disease. In which case, the health-care system will likely bear the costs of testing, the patient may become subject to potential harm from treatment in the case of false-positive results, and additional efforts and costs associated with PGx information storage may be unfruitful. For these reasons, pre-emptive testing may still be a less attractive approach. However, further studies are needed to fill in significant gaps in evidence that can help us understand the existing barriers, including lack of guidance on how to use PGx information and skepticism from payers regarding the effect of PGx-guided therapy on outcomes, aversion to adverse drug events, and evidence of long-term benefits.^[@CR41],[@CR42]^ Therefore, the value of pre-emptive panel testing should be investigated and the barriers to implementing these tests should be addressed.

We have shown that the majority of empirical evidence continues to focus on only two gene--drug relationships, *CYP2C9/VKORC1* (warfarin) and *CYP2C19* (clopidogrel). Studies dominantly supported the cost-effectiveness of *CYP2C19* (clopidogrel), especially from the provider and societal perspectives, while studies conducted from the payer and health-care system perspectives were less supportive. The evidence for *CYP2C9/VKORC1* (warfarin) was more diverse with less support for cost-effectiveness from the societal and provider perspectives. Although the number of studies examined was small, our study provides supportive evidence that implementing PGx-guided treatment in ACS patients being  prescribed clopidogrel might be beneficial from multiple perspectives. On the other hand, implementing PGx-guided treatment approaches for AF patients receiving warfarin needs more careful evaluation from different perspectives. However, as stated earlier, the diversity in our results could be due to multiple factors, including the costs of alternative medicine (e.g., ticagrelor versus clopidogrel, novel oral anticoagulant \[NOAC\] versus warfarin), the study perspectives used, the payment mechanism of the health-care system, and long-term costs of disease management.

Besides the drug--gene pairs studied in the current literature, the FDA has outlined numerous other CVD treatments with PGx interactions that have emerged in the market.^[@CR43]^ Future research has the opportunity to build upon this literature by examining new drug--gene associations for cost-effectiveness.

This review has the strength of examining the cost-effectiveness of PGx-guided treatment for CVDs from a broad scope compared with focusing on one specific disease or gene. Consequently, this study enabled the synthesis of PGx-related findings for an entire class of diseases, making this study more widely informative and relevant. This review included all studies targeting patients internationally, which allowed us to have a broader view to examine potential differences due to geography and national policy.^[@CR44]--[@CR47]^ We focused on PGx testing with an actionable gene--drug relationship used to guide treatment decisions, making this review of evidence useful for clinical practice and medical decision making.

This review is constrained by the quality of the studies included in the sample, which may lead to inaccurate inferences and synthesis, particularly considering the substantial effect these parameters have on the study conclusions. The quality of reporting was high for most studies, but some studies did fail to clearly define and report on the perspectives, cost inputs, or study design elements of the economic model. Additionally, a handful of studies in our sample used models built from observational data, which may have resulted in the use of biased parameter estimates. Another potential limitation is the fact that approximately 89% of the studies on which our review was based used hypothetical cohorts. While the use of hypothetical cohort is a standard practice in decision analytic modeling for cost-effectiveness analyses, interpretation of the study results needs to account for this preponderance of hypothetical cohorts, as results may differ when replicated in real cohorts. Furthermore, this study is also limited by summarizing results from published studies only, thus potentially missing important unpublished data.

In conclusion, PGx-guided drug prescribing holds enormous potential for individualizing CVD management and reducing the chances of drug-related adverse events. This review finds overwhelming evidence of cost-effectiveness among the most commonly studied treatments (e.g., clopidogrel--*CYP2C19*, warfarin-*--CYP2C9/VKORC1*), while evidence is more limited in others (e.g., ACE inhibitors, NOACs, CVD panels). Extant studies were mainly focused on traditional treatments while new gene--drug studies are scarce, and therefore need to be evaluated in the future. Assessing cost-effectiveness of genetic panel testing and pre-emptive PGx testing will be crucial for health systems contemplating implementation of these approaches. This review identifies important strengths, limitations, and challenges that should be considered before clinical adoption of this strategy, and can be used to inform health-care systems aiming to implement PGx to improve CVD care.
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